We show that the type-II multiferroic properties of bulk MnWO4 are kept in nanostructured ceramics of  50 nm grain size prepared via spark plasma sintering. This means that ferroelectric polarization is robust against downsizing, which is at variance with standard ferroelectrics like BaTiO3. We ascribe this stability to the spin-driven nature of the ferroelectric correlations in type-II multiferroics while it is resulting from lattice distortion in other cases. This may open the way for persistent type-II multiferroicity with no need for external stabilization like substrate-generated strain.
In archetypal ferroelectrics, the polarization and related properties result from structural lattice distortions 1 . For example, in BaTiO3, it is the cationic off-centering versus the oxygen octahedra which is at the origin of the exceptional dielectric properties. Keeping these properties when downsizing such compounds is thus a challenge since the lattice elastic energy is disturbed by the surface energy even at relatively large grain size of several hundreds of nm 2, 3, 4 . In addition, depending on the processing conditions, lattice dipolar defects like -OH radicals are known to strongly interact with the lattice polarization. These issues may explain the large discrepancies in the literature about the nanosize effect on the polarization and transition temperature of standard three-dimensional (3D) ferroelectrics. 5 On the other hand, when the properties originate from electronic excitations like in magnetic, metallic and semi-conductor materials, the properties of 3D particles are disturbed at sizes below  10 nm. For example, high saturation moments and superparamagnetism were observed in maghemite (γ-Fe 2 O 3 ) when particle sizes were less than 10 nm. 6 Hoping to decrease the critical size for ferroelectricity, we thus want to probe the size effect in ferroelectrics whose polarization is related to electronic interactions. Magnetoelectric multiferroic materials in which the magnetic and ferroelectric orders coexist may be a good choice for this investigation. In this respect, the wellknown type-I multiferroic BiFeO3, which has latticerelated polarization resulting from Bi 3+ off-centering, was recently studied in the form of nanostructured ceramics prepared by Spark Plasma Sintering (SPS). 7 It was observed that both the Néel temperature and the ferroelectric Curie point shift to lower temperatures (from 340 °C to 265°C and from 697 °C to 655 °C°, respectively), and that piezoelectricity and ferroelectricity are still active at 40 nm scale. In the present work, we selected MnWO4 because it is a well-known example of a type-II multiferroic in which ferroelectric transition and polarization result from magnetic ordering. 8, 9 While previous studies have demonstrated the robustness of the ferroelectric transition against cationic substitution in MnWO4 10,11 , we have no knowledge of how a type-II multiferroic transition is affected by size effects. MnWO4 has a simple monoclinic crystal structure which contains magnetic Mn 2+ ions and nonmagnetic W 6+ ions. 12 Three magnetic structures have been observed at low temperatures below T N = 13.5 K, T2 = 12.5 K and T1  8 K. 12 Two of these magnetic structures are nonpolar states. 8, 9 In the multiferroic state between T1 and T2, the so-called AF2 magnetic structure has an incommensurate magnetic unit cell of 2.8 nm 3 . It is therefore plausible that multiferroicity survive finite-size effects in MnWO4 particles of a few tens of nm. In this work, nanostructured MnWO4 ceramics were prepared by SPS from nano-sized powders and characterized to check for type-II multiferroicity. Nanopellets (P) and nanorods (R) of MnWO 4 were first synthesized in a reproducible manner under mild hydrothermal conditions according to the reported procedure of Chen et al.. 13 Samples were then briefly heated at 400 °C in air to eliminate water. Thermogravimetric curves of the as-obtained dried nanopowders showed only very small weight losses ( 0.5 %) at around 100 °C due to removal of adsorbed water (Supporting Information Figure  S1 ). The purity and crystallinity of both types of nanoparticles were confirmed by X-ray diffraction (XRD) at room temperature (Supporting Information). Rietveld refinements were performed using the published P2/c structural model of MnWO 4 (Supporting Information Figure S2 and Table S1 ) 12 . From this analysis, the computed crystallite sizes is 60 to 80 nm and 20 to 40 nm for MnWO4-P and -R, respectively. The scanning electron microscopy (SEM) images of MnWO4-P showed nanopellets with a mean diameter around 70 nm, while those of MnWO4-R revealed uniform nanorods, with a mean diameter around 25 nm and a mean length of about 50 nm (Figure 1 ). In agreement with XRD results, this strongly suggests that each nanoparticle is a single crystallite. For SPS, the powders were loaded in a cylindrical tungsten carbide die with an inner diameter of 6 mm, internally coated with graphite paper and heated using an SPS equipment (Syntex Inc., Dr. Sinter SPS-515S). The heating was achieved owing to a pulsed direct electric current to cross the die. The use of an argon atmosphere instead of a vacuum one had no particular detectable effect in the process, as the heating and cooling rate, explored from 12.5°C/min to 50°C/min. A constant uniaxial pressure of 450 MPa was applied during the whole sintering process. Dense pellets were obtained by keeping the die at a constant temperature, in the range of 360°C to 520°C, for 10 min. For temperatures higher than 520°c, the shape and size of initial nanoparticles were found to be lost in the ceramics. The pellets were then gently abraded on SiC paper to remove any carbon surface contamination. Figure 1 shows SEM pictures for representative examples of nanostructured ceramics prepared at 520°C, revealing that both the shapes and the sizes of the grains are quite comparable to those of the initial nanopowders. Sintering bridges are unambiguously seen for both types of nanostructured ceramics. Because SPS ceramics have significant crystallographic texture, their XRD patterns were analyzed using the Le Bail method instead of Rietveld's one ( Figure 2 ). The cell parameters and the crystallite sizes were found to be similar to those determined for MnWO 4 -P and -R nanopowders (Supporting Information Table 1 ). The morphology, size and crystal structure of the initial nanoparticles are thus kept in dense nanoceramics thanks to SPS. 10 Figure 2 . Room-temperature XRD patterns (taken with CuK-L 3 radiation) and Le Bail refinements for nanostructured MnWO4 ceramics prepared via SPS at 520°C and 450 MPa using MnWO4-P (top) or MnWO4-R (bottom) nanopowders.
Magnetic susceptibilities (DC or AC ) and capacitance (C(T)) were then measured (Supporting Information) for both types of nanostructured dense pellets. The relative density of these pellets was  80%. We also measured dielectric loss factors but the signals were so low that we cannot separate them from the background. Dielectric properties were investigated in the range of 1 kHz-400 kHz. For the sake of comparison, DC-and C(T) data were also collected for a sintered sample prepared by heating a micrometric MnWO4 powder at hightemperature (HT; 1100 °C) in air and for a pellet sintered via SPS using the same micrometric powder. For these microstructured ceramics, crystallite sizes were found to be higher than the maximum measurable value  500 nm using our laboratory diffractometer. For all of the samples, Curie-Weiss fits to high-temperature DC- data (T > 100 K) yielded effective magnetic moments par Mn atom, µ eff  5.8 µ B , and Weiss temperatures,   -70 K, consistent with published values for micrometric powders or for single crystals. 8, 11 Figure 3 shows both the DC- andC(T) curves at low temperatures. For the micrometric HT ceramic, DC-is that of bulk MnWO4 showing all three expected magnetic transitions at T1, T2 and T N (Figure 3a) . 8, 9 As usually done for a bulk three-dimensional antiferromagnet, transition temperatures are identified as the temperatures of peaklike anomalies in the d()/dT versus T curve.
14 Note that the actual Néel temperature TN = 13.45(5) K is a little bit smaller than the temperature at which a maximum occurs in DC- max ) = 13.70(5) K, and that the multiferroic transition at T2 = 12.50(5) K is  1.2 K below the maximum in DC-. The frequencyindependent peak in C(T) at  12.5 K indicates that a ferroelectric transition occurs simultaneously at T2. 11 The weak dielectric anomaly at T1 is usually hardly detectable in ceramic samples. 8, 9, 11 As can be seen in Figure 3b , the microstructured SPS pellet has essentially the same behavior as that of the conventional HT ceramic. In contrast, the maximum in DC- in all nanostructured samples slightly shifts to lower temperatures, max) = 13.3-13.4 K (Figure 3c-d) . For each nanostructured sample, one does not observe any difference between the DCdata measured under zero-field-cooled and that measured under field-cooled conditions (not shown), suggesting that the maximum in DC-is not due to any spin-glass or cluster-glass or superparamagnetic behavior. Furthermore, the in-phase AC magnetic susceptibility, '(T), which is observed in the transition region, is frequency independent in the range of 0.10 -1000 Hz (Supporting Information Figure S3 ). The maximum in '(T) occurs at the same temperature as in DC-. As can be seen in Figure S3 , out-of-phase components of AC susceptibility, "(T), are constant and remain zero even below the maxima in '(T), indicating the absence of a dissipative process in the nanostructured samples. 15 These observations definitively indicate that the susceptibility maximum at  13.3-13.4 K is associated with a paramagnetic-to-antiferromagnetic transition lying somewhat below this maximum1 14, 15 , as in bulk MnWO4. In each nanostructured sample, a peak was observed in C(T) at 11.7-11.8 K which is  1.6 K smaller than  max ) and a little bit smaller than bulk T2. Because these peaks are frequencyindependent in the investigated frequency range they clearly sign the persistence of ferroelectricity in both types of nanostructured SPS ceramics. Further evidence of multiferroicity in nanostructured ceramics was provided by the magnetic-field dependence of capacitance C(T) (Figures 4 and S4) . As in bulk MnWO4, 9,16 the dielectric peak at T2 is broadened and shifted toward lower temperature with increasing field H. The only visible qualitative difference in behavior between microstructured and nanostructured SPS samples is that the change of slope in the DC- curve at T1 is either suppressed or modified in the nanostructured pellets, depending on the grain morphology (Figure 3c-d) . In this respect it is worth noting that the polar-to-nonpolar transition in bulk MnWO4 at T1 is associated both with a locking of the magnetic modulation with the lattice and with small discontinuous changes of lattice parameters. To summarize, nanostructured MnWO 4 ceramics have been successfully prepared via SPS for the first time, starting from nanopellet-and nanorod-like powders. A systematic study of SPS sintering parameters has allowed us to maintain grain and crystallite sizes for two types of grain morphology. Overall our data indicate that a prominent example of type-II multiferroic keeps showing the characteristic signatures of a multiferroic transition down to average grain sizes  50-70 nm for two grain morphologies. The robustness of type-II multiferroicity against downsizing in MnWO4 is likely to be due to the spindriven nature of the ferroelectric polarization as well as to the W-O chemical bonding that reduce effects caused by oxygen off-stoichiometry. In bulk MnWO4, all oxygen atoms are actually strongly bonded to W atoms within WO 6 octahedra. 18 Others type-II multiferroics with polyanionic crystal structures like, e.g. silicates or germanates 19 , may show the same remarkable behavior as the one reported here for MnWO4. Our observations may thus pave the way for further investigations targeting the use of nanostructured type-II multiferroics in spintronic devices or sensors. Figure S4 . Temperature profiles of the dielectric capacitance at selected applied magnetic fields for nanostructured MnWO4 ceramics prepared by SPS at 520 °C and 450 MPa using nanopellets MnWO4-P.
Data were collected at 385 Hz.
